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We study the effects of localization on the Hall transport in a granular system at large tunneling
conductance gT ≫ 1 corresponding to the metallic regime. We show that the first-order in 1/gT
weak localization correction to Hall resistivity of a two- or three-dimensional granular array vanishes
identically, δρWLxy = 0. This result is in agreement with the one for ordinary disordered metals. Being
due to an exact cancellation, our result holds for arbitrary relevant values of temperature T and
magnetic field H , both in the “homogeneous” regime of very low T and H corresponding to ordinary
disordered metals and in the “structure-dependent” regime of higher values of T or H .
PACS numbers: 73.63.-b, 73.23.Hk, 61.46.Df
I. INTRODUCTION
Dense-packed arrays of metallic or semiconducting
nanoparticles imbedded into an insulating matrix, usu-
ally called granular systems or nanocrystals, form a new
important class of artificial materials with tunable elec-
tronic properties. A lot about the transport and thermo-
dynamical properties of such systems has been already
understood theoretically (see a review 1 and references
therein). For instance, the longitudinal conductivity (re-
sistivity) has been calculated in both the metallic and
insulating regimes.
At the same time, little attention has been paid to
the Hall transport in such granular systems. Measuring
the Hall resistivity one can obtain important information
about the system and such a study is certainly desirable
for the characterization of granular materials.
Hall transport in granular materials has been ad-
dressed theoretically only recently in Refs. 2,3. In these
works we studied the Hall effect in a granular system in
the metallic regime (“granular metal”), when the inter-
grain tunneling conductance GT = (2e
2/~)gT is large,
gT ≫ 1 (further we set ~ = 1). We have shown that at
high enough temperatures the Hall resistivity of a gran-
ular metal is given by an essentially classical Drude-type
expression
ρ(0)xy =
H
n∗ec
, (1)
where the effective carrier density n∗ of the system differs
from the actual carrier density n in the grains only by a
numerical factor dependent on the grain geometry and
type of the granular lattice. For a granular film, its sheet
Hall resistance is obtained by dividing Eq. (1) by the film
thickness.
As the temperature T is lowered, effects of Coulomb
interaction become especially important and can influ-
ence the transport properties of the system significantly.
Indeed, we have demonstrated2,3 that in quite a broad
range of temperatures the classical Hall resistivity (1)
of both two- (2D) and three- (3D) dimensional granular
arrays acquires a noticeable logarithmic correction due
to the Coulomb interaction, which is of local origin and
absent in ordinary homogeneously disordered metals.
The Coulomb interaction, however, is not the only
source of quantum contributions. Another quantum ef-
fect setting in at sufficiently low temperatures is weak
localization (WL), which is due to the interference of
electrons moving along self-intersecting trajectories. The
first order in the inverse tunneling conductance 1/gT WL
correction δρWLxx to the longitudinal resistivity of a gran-
ular metal, including its dependence on the magnetic
fieldH (magnetoresistance)5,6, was studied in Refs. 4,5,6.
Being divergent for two-dimensional samples14 (granu-
lar films consisting of one of a few grain monolayers),
the WL correction δρWLxx exhibits a universal behavior at
lowest temperatures T and magnetic fields H , in agree-
ment with the theory of ordinary homogeneously disor-
dered metals. As T or H are increased or if the sample
is three-dimensional, the correction δρWLxx becomes de-
pendent on the granular structure of the system. In the
latter regime, however, the relative correction is already
quite small and does not exceed 1/gT .
In this work we study the effects of weak localization
on the Hall transport in a granular system in the metallic
regime. We calculate first-order in 1/gT weak localization
corrections to the Hall conductivity and resistivity and
find that both for 2D and 3D arrays the correction to the
Hall resistivity vanishes identically:
δρWLxy = 0.
This result is in agreement with the one obtained for ho-
mogeneously disordered metals in Ref. 7,8. Being due
to an exact cancellation, it holds for arbitrary values of
temperature and magnetic field, both in the “homoge-
neous” regime of very low T and H and in the “structure-
dependent” regime of higher values of T or H . Of course,
this cancellation occurs under certain assumptions, but
they are the same as those under which a nonvanish-
ing correction δρWLxx to the longitudinal resistivity was
obtained4,5,6.
2II. MODEL AND METHOD
The model we use in this paper is essentially the same
as the one studied in Refs. 2,3 and we refer the reader
to those works for details. We consider a quadratic (2D,
d = 2) or cubic (3D, d = 3) lattice of metallic grains
coupled to each other by tunnel contacts (see Fig. 1) and
assume translational symmetry of the lattice, i.e., equal
conductances GT of all contacts and identical properties
of all grains (size and shape, density of states, etc.). To
simplify the calculations further, we also assume the in-
tragrain electron dynamics diffusive, i.e., that the mean
free path l is much smaller than the size a of the grain
(l ≪ a). However, our results are also valid for ballistic
(l & a) intragrain disorder provided the electron intra-
grain motion is classically chaotic. In the metallic regime
(gT ≫ 1) the localization effects can be studied perturba-
tively in 1/gT , as long as the relative corrections remain
small. We perform calculations for magnetic fields H ,
such that ωHτ0 ≪ 1, where ωH = eH/(mc) is the cy-
clotron frequency and τ0 is the electron scattering time
inside the grain. The condition ωHτ0 ≪ 1 is well met for
granular arrays even for experimentally high fields owing
to the small size a of the grains. We assume that the
granularity of the system is “well-pronounced”, i.e., that
the condition
Γ≪ ETh, (2)
is fulfilled, where Γ is the tunneling escape rate and ETh
is the Thouless energy of the grain.
We write the Hamiltonian describing the system as
Hˆ = Hˆ0 + Hˆt + Hˆc. (3)
In Eq. (3),
Hˆ0 =
∑
i
∫
driψ
†(ri)
{
ξ
[
pi −
e
c
A(ri)
]
+ U(ri)
}
ψ(ri)
(4)
is the electron Hamiltonian of isolated grains, ξ(p) =
p2/2m− ǫF , A(ri) is the vector potential describing the
uniform magnetic field H = Hez pointing in the z direc-
tion, U(ri) is the random disorder potential of the grains,
i = (i1, . . . , id) is an integer vector numerating the grains.
The disorder average is performed using a Gaussian dis-
tribution with the variance
〈U(ri)U(r
′
i)〉U =
1
2πντ0
δ(ri − r
′
i), (5)
where ν is the density of states in the grain at the Fermi
level per one spin projection and τ0 is the intragrain scat-
tering time.
Further, the tunneling Hamiltonian in Eq. (3) is given
by
Hˆt =
∑
〈i,j〉
(Xi,j+Xj,i), Xi,j =
∫
dsidsj t(si, sj)ψ
†(si)ψ(sj),
(6)
where the summation is taken over the neighboring grains
connected by a tunnel contact, and the integration is
done over the surfaces of the contact. The tunneling
amplitudes t(si, sj) are assumed to be random Gaussian
variables with the variance
〈t(si, sj)t(sj, si)〉t = t
2
0δ(si − sj), (7)
where δ(si−sj) is a δ-function on the contact surface, and
t20 has a meaning of tunneling probability per unit area
of the contact. This accounts for inevitable irregularities
of the tunnel barriers on atomic scales and well models
the local nature of tunneling between metallic grains.
Finally, the last term Hˆc in Eq. (3) stands for the
Coulomb interaction between the electrons. In the lead-
ing first in 1/gT order the Coulomb interaction results in
the phase relaxation yielding a finite dephasing rate 1/τφ
in the Cooperon self-energy4,6. Since our main result
does not depend on the explicit form of the Cooperon,
we will not deal with the Coulomb interaction in this
paper and will omit Hˆc in Eq. (3) from now on.
The conductivity is calculated using the Kubo formula
in Matsubara technique9:
σab(ω) = 2e
2a2−d
1
ω
∑
j
[Πab(ω, i− j)−Πab(0, i− j)]
(8)
where ω ∈ 2πTZ is a bosonic Matsubara frequency (Z is
a set of integers, throughout the paper we assume ω ≥ 0),
a and b are the lattice unit vectors, and
Πab(ω, i− j) =
∫ 1/T
0
dτ eiωτΠab(τ, i− j),
Πab(τ, i− j) = 〈Tτ Ii,a(τ)Ij,b(0)〉 (9)
is the current-current correlation function. In Eq. (9),
Ii,a(τ) = Xi+a,i(τ) −Xi,i+a(τ), (10)
the thermodynamic average 〈. . .〉 is taken with the Hamil-
tonian Hˆ = Hˆ0 + Hˆt [Eq. (3) with discarded Hˆc], and
A(τ) = eHˆτAe−Hˆτ is the Heisenberg representation of
any operator A.
III. WEAK LOCALIZATION CORRECTIONS
The “bare” (i.e., without quantum effects) Hall con-
ductivity of a granular metal is given by2,3
σ(0)xy = G
2
TRHa
2−d, (11)
where GT is the conductance of the tunnel contact and
RH is the Hall resistance of the grain. The latter is ex-
pressed through the intragrain diffuson as
RH =
1
2e2ν
(D¯ր − D¯ց + D¯ւ − D¯տ), (12)
3FIG. 1: (a) Diagrams for the “bare” classical Hall conductivity σ
(0)
xy [Eqs. (11) and (12)] of the granular metal. The contact s1
is connected to the contact s0 by the intragrain diffuson (gray stripe). Same contributions from the contacts s2, s3, s4 have to
be taken into account [Eq. (12)]. (b) Diagrams describing the weak localization correction to the conductance GT of the tunnel
contact. A diagram with the Cooperon C0 (rendered with lines stripe) flipped down and the same two diagrams for the second
contact also have to be considered. (c) An example of a diagram for the weak localization correction to the Hall resistance RH
of the grain, which is expressed through the intragrain diffuson D(ω, r, r′) [Eqs. (24) and (29)]. The diagram contributes to the
renormalization of the diffusion coefficient D0 [Eq. (24)], the complete set of such diagrams shown in Fig. 3. Weak localization
corrections to the boundary condition (29) must be also taken into account (see Fig. 4).
where
D¯α =
1
S20
∫
ds0dsaD¯(s0, sa),
with a = 1, 2, 3, 4 for α =ր,ց,ւ,տ, respectively [see
Fig. 1(a)], S0 is the area of the contact, and D¯(r, r
′) is
the diffusion propagator of a single grain at ω = 0 with
discarded zero mode 1/(ωV) (V is the grain volume). We
specify D¯(r, r′) explicitly somewhat later. The essentially
classical result (11) is given by the diagram in Fig. 1(a),
in which the contacts sa, a = 1, 2, 3, 4, are connected
to the contact s0 by the intragrain diffuson D¯(r, r
′). In
order not to overcomplicate the calculations we consider
the range of frequencies ω ≪ ETh in this paper, which
allows us to neglect the intragrain Coulomb interaction
when calculating the bare Hall conductivity (see Ref. 3
for details).
We emphasize the crucial for the Hall effect techni-
cal point2,3: the nonvanishing contribution to the Hall
conductivity [Eqs. (11) and (12)] comes from nonzero
modes of the diffuson D¯(r, r′) only, whereas the zero
mode 1/(ωV) simply drops out due to the sign structure
of Eq. (12).
Since the bare longitudinal conductivity equals
σ(0)xx = a
2−dGT , (13)
the bare Hall resistivity, following from Eqs. (11) and
(13),
ρ(0)xy =
σ
(0)
xy(
σ
(0)
xx
)2 = RHad−2 (14)
is independent of the intergrain tunneling conductance
GT . It can be further shown
2,3 that the Hall resistance
RH [Eq. (12)] is independent of the scattering time τ0
and Eq. (14) leads to Eq. (1).
In the first order in the inverse tunneling conductance
1/gT , the weak localization corrections to the classical re-
sult (11) are given by the sum of all “minimally crossed”
diagrams. The “fan-shaped” ladder arising in such di-
agrams corresponds to the well-known particle-particle
propagator called “Cooperon”, which can be formally de-
fined for a granular metal in the same way as for an
ordinary disordered metal:
C(ω, ri, r
′
j) =
1
2πν
〈G(ε+ω, ri, r
′
j) G(ε, ri, r
′
j)〉U,t, (ε+ω)ε < 0.
(15)
Here G’s are the “exact” Green functions in the Matsub-
ara technique and the average is taken over the intragrain
and tunnel contact disorder with the help of Eqs. (5) and
(7). The points ri and r
′
j may belong to arbitrary distant
grains i and j.
One can calculate the Cooperon C(ω, ri, r
′
j) using the
same diagrammatic rules as those for the diffuson3. They
are governed by the condition pFa ≫ 1 (pF is the
Fermi momentum in the grains) that each grain is a
“good” metallic sample. This demands that the diagram-
matic “paths” of the Green functions G(ε+ω, ri, r
′
j) and
G(ε, ri, r
′
j) through intermediate grains and contacts co-
incide. Therefore, the full Cooperon (15) is “composed”
of the Cooperons
C(ω, r, r′) =
1
2πν
〈G(ε+ω, r, r′) G(ε, r, r′)〉U , (ε+ω)ε < 0
(16)
of isolated grains. In Eq. (16), r and r′ belong to the
same given grain and tunneling to the neighboring grains
should be completely neglected.
Although in order to obtain nonvanishing Hall con-
ductivity (11), one is forced to take nonzero modes in
4the intragrain diffuson D¯(r, r′) into account2,3, the zero
modes in the Cooperons themselves do not drop out from
the expressions for WL corrections. Therefore due to the
small size of the grains one may use the “zero-mode”
approximation for the Cooperons, i.e., to leave only the
zero mode 1/(ωV) in each grain in the expression for the
Cooperon (16). To do so, however, the condition (2)
alone is not sufficient, since the Cooperons are sensitive
to magnetic field, and in the presence of magnetic field an
additional condition must be met. Namely, the magnetic
flux Ha2 threading through each grain must be smaller
than the flux quantum c/e:
e
c
Ha2 ≪ 1. (17)
Under the conditions (2) and (17) the spatial de-
pendence of the intragrain Cooperon (16) coming from
nonzero modes can be neglected and one gets:
C(ω, r, r′) ≈
1
V
1
ω + E(H)
,
where E(H) ∝ D0(
e
cHa)
2 is the “mass term” acquired
due to dephasing by the magnetic field within the grain
[D0 is the intragrain diffusion coefficient defined after
Eq. (24)]. After that, the Cooperon C(ω, ri, r
′
j) [Eq. (15)]
of the whole granular system depends on the grain indices
i and j only and we denote such “zero-mode” Cooperon
as C0(ω, i, j). Its properties in the presence of magnetic
field were studied in Refs. 5,6. Since our main result, the
vanishing WL correction to the Hall resistivity, does not
depend on the explicit form of C0(ω, i, j), we do not repeat
these properties here, reminding for reference only that
in the absence of magnetic field and dephasing effects one
has
C0(ω, i, j) =
∫
adddq
(2π)d
eiaq(i−j)
ω + 2Γ
∑
β [1− cos(qβa)]
,
where the integration is done over the first Brillouin zone
q ∈ [−π/a, π/a]d and β = x, y in 2D and β = x, y, z in
3D. Note, that we have removed the inverse grain volume
1/V from the definition of C0(ω, i, j).
We can now proceed with calculations of the weak lo-
calization corrections. Conveniently, the contributions
from the diagrams giving first-order corrections to HC
σ
(0)
xy are factorized according to the structure of Eq. (11),
i.e., each diagram can be attributed to the renormaliza-
tion of either the tunneling conductance GT of the con-
tact or the Hall resistance RH of the grain. Below we
study these two types of corrections separately.
A. Weak localization correction to GT
First consider the diagram in Fig. 1(b). In this dia-
gram the Cooperon C0(ω, i + ex, i) connects the points
belonging to two sides (in the grains i+ ex and i) of the
same contact (i + ex, i). Note that such diagrams arise
form the “particle-particle pairing”Xi+ex,i(τ)Xi+ex ,i(τ1)
[see Eqs. (6) and (10)] of the tunneling operators at the
considered contact (i + ex, i), whereas in the diagram in
Fig. 1(a) for the bare conductivity we have “particle-hole
pairing” Xi+ex,i(τ)Xi,i+ex (τ1).
Since the other elements of the diagram in Fig. 1(b)
remain unaffected, this diagram can be attributed to the
renormalization of the conductanceGT of the tunnel con-
tact in Eq. (11). Indeed, considering the same diagrams
for the other contact in Fig. 1(a), for the relative correc-
tion to HC σ
(0)
xy [Eq. (11)] we obtain:
δσ
(1)
xy (ω)
σ
(0)
xy
= 2
δGT (ω)
GT
, (18)
where
δGT (ω)
GT
=
1
2πνV
[C0(ω, i+ a, i) + C0(ω, i, i+ a)], (19)
and a = ex or a = ey, [assuming the square/cubic sym-
metry of the lattice, we do not distinguish between x
and y directions]. In Eq. (18), the factor 2 stands for
two contacts according to the square G2T in Eq. (11). As
expected, the expression (19) for the relative correction
to GT obtained from the diagrams in Fig. 1(b) coincides
with the one obtained from calculating WL correction to
the longitudinal conductivity σ
(0)
xx in Refs. 4,5,6:
δσWLxx (ω)
σ
(0)
xx
=
δGT (ω)
GT
. (20)
Since the correction (18) contributes solely to the
renormalization of the tunneling conductanceGT and the
bare HR ρ
(0)
xy [Eq. (14)] simply does not contain GT , the
corresponding WL correction to HR from the diagrams
in Fig. 1(b) vanishes:
δρ
(1)
xy (ω)
ρ
(0)
xy
=
δσ
(1)
xy (ω)
σ
(0)
xy
− 2
δσWLxx (ω)
σ
(0)
xx
≡ 0. (21)
B. Weak localization correction to RH
Now let us consider the diagram shown in Fig. 1(c).
This diagram describes the effect of localization on the in-
tragrain diffuson D(ω, r, r′) and, eventually, contributes
to the renormalization of the Hall resistance RH of
the grain, expressed through the diffuson according to
Eq. (12). The aim of this section is to show that the WL
correction to the Hall resistance (12) arising from all such
diagrams actually vanishes:
δRWLH = 0. (22)
We remind the reader that the intragrain diffuson is
defined formally as
D(ω, r, r′) ≡
1
2πν
〈G(ε+ω, r, r′)G(ε, r′, r)〉U , (ε+ω)ε < 0.
(23)
5FIG. 2: Diagrams for the current-coordinate correlation func-
tion 〈jαrβ〉0 [Eqs. (26) and (28)] in the absence of weak
localization. Fermionic lines denote the Green function
[G(ε,p)]−1 = iε − ξp +
i
2τ0
sgn ε of a bulk metal with H = 0.
(a) Magnetic-field-independent part of 〈jαrβ〉0 giving the LHS
of the boundary condition (29). (b) Linear in magnetic field
part of 〈jαrβ〉0 obtained by inserting the “magnetic vertex”
− e
mc
Apˆ in all possible ways into the diagram (a) and giving
the RHS of Eq. (29).
where 〈. . .〉U denotes the averaging over the intragrain
disorder according to Eq. (5).
1. Intragrain diffuson in the absence of weak localization
effects
In the absence of weak localization effects (i.e., in the
“noncrossing approximation”9) the average (23) is given
by a series of ladder-type diagrams. The summation of
this series is equivalent to solving a certain integral equa-
tion, which in the diffusive limit (ωτ0 ≪ 1 and l ≪ a)
can be reduced to a differential diffusion equation
(ω −D0∇
2
r)D(ω, r, r
′) = δ(r− r′). (24)
Here D0 = vF l/3 is the classical diffusion coefficient in
the grain (vF is the Fermi velocity, l = vF τ0 is the elec-
tron mean free path, D0 is not affected by magnetic field,
such that ωHτ0 ≪ 1).
For a finite system (a grain), Eq. (24) must be supplied
by a proper boundary condition. In Ref. 3 we have shown
that the boundary condition in the diffusive case has the
form
nα〈jαrβ〉0∇rβD(ω, r, r
′)|r∈S = 0. (25)
Here, the coordinate r belongs to the grain boundary S,
the unit vector n normal to the grain boundary points
outside the grain, α, β = x, y, z, and
〈jαrβ〉0 =
∫
dxjˆrα[G(ε+ω, r,x)G(ε,x, r)](x−r)β (26)
is the current-coordinate correlation function. In
Eq. (26), G(ε+ω, r,x) = 〈G(ε+ω, r,x)〉U is the disorder-
averaged Green function of the grain and the current op-
erator jr acts on the product of two Green functions as
jˆr[G(ε+ ω, r,x)G(ε,x, r)] =
=
1
2m
[G(ε,x, r)(−i∇r)G(ε+ ω, r,x)
+G(ε+ ω, r,x)(i∇r)G(ε,x, r)]
−
e
mc
A(r)G(ε + ω, r,x)G(ε,x, r), (27)
where the vector potential A(r) corresponds to the mag-
netic field H .
Owing to the small spatial scale (∼ l ≪ a) of the kernel
in Eq. (26), 〈jαrβ〉0 may be evaluated for r located not
directly on the grain boundary, but a few l away from it in
the bulk of the grain, where the expressions for the bulk
can be used for G’s. Note that the ladder contribution to
〈jαrβ〉0 vanishes in the case of the white noise-disorder
[Eq. (5)].
As we are study Hall transport, the correlation func-
tion 〈jαrβ〉0 has to be calculated taking the magnetic
field H into account, which may be done in the linear in
H order, since the condition ωHτ0 ≪ 1 is assumed to be
met. The calculations can be performed with the help of
the diagrammatic technique either by directly expand-
ing Green functions G in the vector potential A(r) or
using an explicitly gauge-invariant approach developed
by Khodas and Finkel’stein in Ref. 10. We choose the
former approach here. The diagrams for 〈jαrβ〉0 in the
absence of WL effects are given in Fig. 2 and we obtain3:
〈jαrβ〉0 = Λ
(
δαβ +
eτ0
mc
ǫαβγHγ
)
, (28)
where ǫαβγ is the totally antisymmetric tensor, ǫxyz = 1,
and Λ = −(2π/3)νl2 is an irrelevant for the boundary
condition (25) prefactor. Inserting Eq. (28) into Eq. (25),
we get
(n,∇rD)|r∈S = ωHτ0(t,∇rD)|r∈S , (29)
where t = [n,H]/H is the tangent vector pointing in the
direction opposite to the edge drift.
The propagator D¯(r, r′) entering the expression (12)
for the Hall resistance RH of the grain, satisfies Eqs. (24)
and (29) with ω = 0, i.e., D¯(r, r′) is a Green function for
the Poisson equation with the boundary condition (29).
2. Intragrain diffuson renormalized by weak localization
effects
We can now proceed with WL corrections to the intra-
grain diffuson D(ω, r, r′). Since neglecting localization
effects the diffusonD(ω, r, r′) [Eq. (23)] has been reduced
to the solution of Eqs. (24) and (25), our task now is to
find out how these equations are affected by weak lo-
calization. It is very important that for a finite system
with boundary (grain) one has to renormalize not only
6FIG. 3: Diagrams for the weak localization correction to the diffusion coefficient D0 [Eqs. (30) and (31)] of the intragrain
diffuson D(ω, r, r′) (gray blocks). Diagrams in the upper row form a Hikami box, the twisted rendered with lines block denotes
the Cooperon C0(ω, i, i). Diagrams in the lower row are of the same order as the sum of those in the upper row and are missing
in the ladder summation for C0(ω, i, i).
FIG. 4: Diagrams for the weak localization corrections [Eq. (32)] to the current-coordinate correlation function 〈jαrβ〉0 [Eqs. (26)
and (28)]. Diagrams in the upper row forming a Hikami box describe the correction to the magnetic-field-independent part
of 〈jαrβ〉0 [Fig. 2(a)]. Diagrams in the lower row describe the correction to the linear in the magnetic field part of 〈jαrβ〉0
[Fig. 2(b)]. Similar insertions of the magnetic vertex into the right block of Green functions and the upside-down flip of such
diagrams must also be considered.
the diffusion equation (24) itself, but also the boundary
condition (25) for the diffuson.
We start by considering the diffusion equation (24).
In a bulk metal effects of localization on the diffusive
electron motion were first studied in Ref. 11 by Gorkov,
Larkin, and Khmelnitski. It was shown that the diffusion
equation (24) remains valid, but the diffusion constant
D0 is renormalized. The diagrams describing renormal-
ization of D0 are obtained by inserting the “fan-shaped”
ladder into the ordinary ladder describing the diffuson
D(ω, r, r′), as shown in Fig. 3. Their calculation is more
challenging for a granular system due to the possibility
of tunneling between the grains. Nevertheless, under the
assumed conditions (2) and (17) we obtain a result es-
sentially the same as that of Ref. 11 for the renormalized
diffusion coefficient:
D˜0(ω) = D0[1− c(ω)], (30)
where
c(ω) =
1
πνV
C0(ω, i, i) (31)
is given by the zero-mode Cooperon with coinciding
points. Since the characteristic scale of the Cooperon is
C0(ω, i, i) ∼ 1/Γ and the mean level spacing in each grain
is δ = 1/(νV), the relative correction c(ω) ∼ δ/Γ = 1/gT
is proportional to the inverse intergrain conductance
1/gT .
More interestingly, for a finite system one also has to
consider the effect of WL on the boundary condition (25).
The sensitivity of the boundary condition to WL effects is
crucial for the Hall transport, since, as it was discussed
in Ref. 3, the differences D¯ր − D¯ց and D¯ւ − D¯տ in
Eq. (12) for RH are nonvanishing solely due to the pres-
ence of the magnetic field in Eq. (25). Since the boundary
condition (25) is determined by the correlation function
(26), we need to find WL correction to this quantity. The
corresponding diagrams are shown in Fig. 4. Their cal-
culation is somewhat cumbersome, but straightforward,
and yields the following result for the renormalized cor-
relation function:
〈jαrβ〉 = Λ
{
δαβ [1− c(ω)] +
eτ0
mc
ǫαβγHγ [1− 2c(ω)]
}
,
(32)
where c(ω) is given by Eq. (31).
As a result, replacing D0 by D˜0(ω) [Eq. (30)] in
Eq. (24) and 〈jαrβ〉0 by 〈jαrβ〉 [Eq. (32)] in Eq. (25), we
obtain that the renormalized diffuson satisfies the equa-
7tion{
ω −D0[1− c(ω)]∇
2
r
}
D(ω, r, r′) = δ(r− r′) (33)
and the boundary condition
(n,∇rD)|r∈S = ωHτ0[1− c(ω)](t,∇rD)|r∈S . (34)
instead of Eqs. (24) and (29), respectively. In Eq. (34)
we put [1 − 2c(ω)]/[1− c(ω)] ≈ 1− c(ω), since c(ω)≪ 1
within the validity of the perturbation approach.
3. Vanishing weak localization correction to the grain Hall
resistance RH
Now let us see how the obtained renormalizations af-
fect the Hall resistance RH [Eq. (12)] of the grain. Al-
though Eqs. (33) and (34) cannot be solved for an ar-
bitrary shape of the grains, this is not actually neces-
sary and the needed conclusions about RH can be drawn
based on the following rather simple analysis.
The characteristic value of D¯α’s in Eq. (12) can be
estimated from Eq. (33) as
D¯α ∝
1
a3
1
D0[1− c(ω)]/a2
. (35)
The differences D¯ր− D¯ց = D¯ւ− D¯տ in Eq. (12), how-
ever, require a more accurate estimate, since they are
nonzero only in the presence of magnetic field H 6= 0 due
to the directional asymmetry D¯(r, r′) 6= D¯(r′, r), and
vanish for H = 0, when D¯(r, r′) = D¯(r′, r). The ef-
fect of magnetic field is contained in the right-hand side
(RHS) of the boundary condition (34). Since the differ-
ence D¯ր−D¯ց is linear in H for ωHτ0 ≪ 1, it is linear in
the factor ωHτ0[1 − c(ω)] in the RHS of Eq. (34). Com-
bining this fact with Eq. (35), we obtain
D¯ր − D¯ց ∝
1
a3
ωHτ0[1− c(ω)]
D0[1− c(ω)]/a2
=
1
a3
ωHτ0
D0/a2
, (36)
where the proportionality coefficient depends on the
grain geometry only. We see that the factors [1−c(ω)] in
the numerator and denominator arising from the bound-
ary condition (34) and differential equation (33), respec-
tively, cancel each other. Therefore, the Hall resistance
RH [Eq. (12)] of the grain remains unaffected by weak
localization effects and the correction δRWLH to it van-
ishes [Eq. (22)]. Consequently, the corresponding contri-
butions to the Hall conductivity and resistivity vanish:
δρ
(2)
xy (ω)
ρ
(0)
xy
=
δσ
(2)
xy (ω)
σ
(0)
xy
=
δRWLH
RH
≡ 0. (37)
IV. RESULTS AND CONCLUSION
Combining Eqs. (21) and (37), we obtain that the first-
order in the inverse tunneling conductance 1/gT weak
localization correction δρWLxy = δρ
(1)
xy + δρ
(2)
xy to the Hall
resistivity of a granular metal vanishes identically:
δρWLxy = 0. (38)
The weak localization correction δσWLxy = δσ
(1)
xy +
δσ
(2)
xy = δσ
(1)
xy [Eqs. (18), (20), and (37)] to the Hall con-
ductivity originates from the renormalization of the tun-
neling conductance GT only, the corresponding relative
correction being twice as large as that to the longitudinal
conductivity:
δσWLxy
σ
(0)
xy
= 2
δσWLxx
σ
(0)
xx
.
The WL correction δσWLxx was studied in Refs. 4,5,6.
Whether the exact cancellation (38) obtained in the
first order in 1/gT is violated in higher orders or not re-
mains a question of a separate investigation15. What is
important, however, is that in the same first order in
1/gT (i) logarithmic temperature-dependent corrections
to both the longitudinal ρxx
12,13 and Hall ρxy
2,3 resis-
tivities due to Coulomb interactions exist; (ii) weak lo-
calization correction δρWLxx (H) to ρxx exists
4,5,6, being
sensitive to the magnetic field5,6. Therefore, we come to
the conclusion that in the leading order in 1/gT , in which
quantum effects do come into play, the effect of weak lo-
calization on the Hall resistivity is absent [Eq. (38)].
Experimentally, our result (38) may be tested by mea-
suring the dependence of the Hall coefficient ρxy(H)/H
on magnetic field H . Since the weak localization correc-
tion δρWLxx (H) is sensitive to the magnetic field, Eq. (38)
states that in the range of sufficiently low magnetic fields
H , in which the relative change in the longitudinal resis-
tivity ρxx(H) of the order of 1/gT due to localization ef-
fects is predicted5,6, no comparable change in ρxy(H)/H
is expected.
In conclusion, we have studied the effects of weak local-
ization on Hall transport in granular metals. Calculating
the first-order in the inverse intergrain conductance cor-
rections, we found that the Hall resistivity of the system
remains unaffected by weak localization effects. This re-
sult is in agreement with the one obtained for ordinary
disordered metals. It holds for arbitrary relevant values
of temperatures T and magnetic fields H , both in the
universal “homogeneous” regime of very low T and H
and in the “structure-dependent” regime of higher T or
H .
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